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INTRODUCTION 56
Spinal neuronal networks related to posture and locomotion can produce different motor 57 7 Skin incisions were made bilaterally over the bellies of the medial gastrocnemius (MG) 125 and tibialis anterior (TA) muscles. A pair of wires was routed subcutaneously from the head 126 connector to each of the isolated muscles. Bipolar intramuscular EMG electrodes were implanted 127 into each muscle as described previously (Roy et al. 1991) . Briefly, two wires were passed 128 through each muscle using a 23-gauge needle, a small notch of the Teflon-coating (~0.5 to 1.0 129 mm) was removed from each wire to form the recording electrodes, the electrodes were placed in 130 the mid-belly of the muscle, and each wire was secured at the entrance and exit into the muscle 131 with a suture. The EMG wires then were coiled near each implant site to provide stress relief. 132
133

Epidural electrode implantation procedures 134
A partial laminectomy was performed at the L2 vertebral level to expose the dura. The 135 connective tissue between the T13 and L1 vertebrae was incised and one teflon-coated stainless 136 steel wire was passed under the L1 vertebra to reach the S1 spinal level. A small notch was made 137 in the Teflon-coating (~0.5 to 1.0 mm) of wire to expose the stainless steel, which served as the 138 stimulating electrode. The wire (electrode surface facing the spinal cord) then was affixed to the 139 dura at the midline of the spinal cord (S1) above and below the electrode using 9.0 suture as de-140 scribed previously (Ichiyama et al. 2005) . The wire was coiled in the back region to provide 141 stress relief. One wire with ~1 cm of the Teflon exposed at the distal end was inserted subcuta-142 neously in the thoracic region and served as a common ground. 143
All surgical areas were irrigated liberally with warm, sterile saline and closed in layers, 144
i.e., investing fascia and then the skin. All incision sites were cleaned thoroughly with saline so-145 lution. Analgesia was provided by buprenex (0.5-1.0 mg/kg i.m., TID). The analgesics were ini-146
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8 tiated prior to completion of the surgery and continued for a minimum of 2 days. The rats were 147 allowed to fully recover from anesthesia in an incubator. 148
149
Stimulation and recording 150
All tests were performed on fully awake animals. Stimulation was performed using a 151
Grass S88 Stimulator (Grass Instruments) through a stimulus isolation unit (Grass SIU5, Grass 152 Instruments). Stimulation at the S1 spinal segment was performed at frequencies of 10, 50, 90, 153
and 130 Hz and with a 0.2 ms pulse duration. EMG signals were recorded (2,000 Hz), amplified, 154 and filtered (10 to 1,000 Hz band-pass). 155
156
Standing platform testing 157
Beginning three weeks post-surgery, the spinal rats were placed in an upper body harness 158 support system to test for postural limb reflexes. Weight support was provided to maintain a sta-159 ble standing posture on a standing platform. The body harness support system was attached to 160 the sensor to record the disturbance in weight support during postural reactions (recordings are 161 presented in Fig. 2 ). This standing platform can be utilized to generate any arbitrary trajectory in 162 its working space that allows testing the animal with different disturbances (Liang et al. 2006) . 163
The platform employs the "NINJA" configuration (Nagai et al. 2003) . Each linkage has two ac-164 tive revolute joints and one passive revolute joint that is perpendicular with the two active ones. 165 DC motors drive the active joints through cable driven speed reducers having very low friction 166
resistance. An 8-axis PCI GalilTM 1800 motion control board controls the DC motors. Two pat-167 terns were utilized in this study to induce tonic reactions: a vertical up and down trapezoid form 168 displacement and a fast vertical sinusoidal vibration of the platform Vertical up and down dis9 placement produced periodic loading and unloading (Fig. 1) . The position of the hindlimbs be-170 fore testing was adjusted such that the hindlimbs always had stable contact with the platform. 171
The main parameters of the trapezoidal wave are the amplitude, the cycle period, and the time it 172 takes for the platform to move from a neutral position to the upper or lower limit position. For all 173 tests we used 15 mm amplitude and 0.08 sec duration of loading. After an initial evaluation of 174 the effect of the platform displacement on the EMG responses, 1 Hz frequency was chosen based 175 on its effect to completely fill the gaps between the tonic components (Fig. 2) . For the remainder 176 of the study we chose a 0.2 Hz frequency of displacement since it clearly produced the rapid 177 components of the EMG response. Fast vertical vibration of the platform was a 10 Hz sinusoidal 178 vibration with 3 mm amplitude. For some tests during this study, tail pinching was applied man-179 ually to facilitate tonic responses. To grade the intensity of the tail pinching we used a moderate 180 intensity that activated tonic responses in both the extensor and flexor muscles but without the 181 appearance of the reciprocal activity in the muscles that occurred with a more intense pinching 182 intensity. 
Postural responses to platform vertical displacements 207
All spinal rats exhibited an initial rapid and prolonged response to the platform's vertical 208 displacements ( Fig. 2A) . The rapid response was stable across all vertical displacement frequen-209 cies, whereas the response duration was more stable with increasing frequencies of displacement. 210
Vertical displacements at 0.25 Hz produced complex responses with the response durations be-211 ing attenuated over time ( Fig. 2A) . Displacements at 0.5 Hz produced consistent response dura-212 tions over time (Fig. 2B) , whereas displacements at 1 Hz produced a stable tonic response over 213 the entire testing period (Fig. 2C) . Generally, the duration ( (Fig. 5Ab) . The further addition of tail pinching resulted 254 in more robust response (Fig. 5Ac) . 255
Epidural stimulation without tail pinching produced primarily MRs between vertical dis-256 placements with latencies between 5 to 7 ms (Fig. 5B) . When tail pinching and epidural stimula-257 tion were applied during platform displacement, the pattern of the MRs was similar to that ob-258 served with epidural stimulation alone ( Fig. 5B and C) , but polysynaptic complexes (PCs) with 259 latencies between 13.5 to 25 ms were observed (Fig. 5C) . formed to a stable tonic response ( Fig. 6A and B) . In contrast, the same intensity of tail pinching 270 alone produced consistent reciprocal rhythmic responses in both the MG and TA ( MG when the hindlimbs were suspended above the platform (unloaded position) (Fig. 7Aa ). Af-277 ter making contact with the vibrating platform (loaded position), the rhythmic response was 278 quickly transformed into a tonic response. Following unloading, the tonic response was trans-279 formed into a modified rhythmic response. The peak-to-peak maximum amplitudes ( The main findings of this study are: 1) vibration during load-bearing, epidural stimula-293 tion, and tail pinching individually evoked predictable tonic responses in the hindlimb muscles of 294 spinal rats, 2) combinations of these three afferent stimuli produced larger responses than those 295 induced by each of these sensory inputs alone, and 3) either epidural stimulation or tail pinching 296 induced a rhythmic output whereas their combination with platform vibration consistently result-297 ed in a tonic reaction, suggesting that facilitation of tonic and rhythmic responses share some of 298 the same neuronal mechanisms that occur during platform vibration. These data support the hy-299 pothesis that after a complete spinal cord transection whether activation of tonic or rhythmic re-300 sponses are generated depends on the specific combinations of sources and types of afferents ac-301 tivated in the hindlimb muscles. 302
In the past, spinal neurons and their interconnections have been primarily evaluated by 303 direct recordings from individual neurons in highly reduced preparations in in vitro or in vivo 304 anesthetized animals. These approaches cannot be assumed to be studying the same circuits with-305 in the spinal cord as occurs in actual movements in awake animals in vivo after a chronic spinal 306 cord injury and, thus, provide limited clues related to the integration of the identified structureswithin the complex spinal circuitry in an in vivo non-anesthetized state. The gaps in our 308 knowledge of the role of different afferent inputs relative to specific motor tasks appear to be one 309 of the main limitations in understanding many aspects of postural control. To fill some of these 310 gap, in this study we monitored the EMG responses during specific postural movements (pertur-311 bations) induced by a combination of different sensory inputs using a unique platform design. 312
The present results emphasize the importance for further testing our hypotheses in animal models 313 and human subjects with a complete or incomplete spinal cord injury as well as in intact subjects 314 to evaluate the relevant spinal cord mechanisms. 315
316
Role of afferents on the tonic responses in the hindlimb muscles of spinal rats 317
Afferent input from receptors located in the skin, joints, and muscles provide information that not only perceive the limb dynamics, but also define the subsequent motor actions via feed-337 forward strategies. 338
In this study we did not identify the specific afferents being activated but investigated the 339 possibility to facilitate tonic and rhythmic reactions via different stimulation protocols and/or 340 sensory inputs. While future studies should be performed to test the effect of activation of differ-341 ent sensory inputs, the mechanisms involved in this response are not likely to be attributable to a 342 specific type of receptor as much as it will be related to which combination of receptors are acti-343
vated. Our results demonstrate that the effect of combinations of different sensory inputs may 344 produce similar outcomes, emphasizing the nonspecific character of activation based on integra-345 tion of multiple sensory systems rather than activation of specific types of receptors. 346
347
Spinal mechanisms for the control of tonic responses of the hindlimbs of spinal rats 348
Immediately after spinal cord transection, the sudden loss of the tonic drive provided by 349 descending pathways results in a loss of muscle tone in the hindlimbs. After an initial inhibition, reflexes after injury, however, cannot provide sufficient support and postural control to achieve 359 independent standing in spinal rats (Dunbar et al. 1986) . 
Combination of tonic and rhythmic outputs in the hindlimb muscles of spinal rats 385
It has been reported that supraspinal mechanisms play a predominant role in the control 386 of posture by the fact that even after recovery of spinal postural reflexes, spinal animals cannot 387 maintain appropriate body weight support and balance control (Dunbar et al. 1986 ). The present 388 data, however, support the idea that the same neural networks can participate in the formation of 389 two different motor patterns in spinal rats, i.e., tonic and rhythmic. The rhythmic activity pro-390 duced by tail pinching during suspension becomes a tonic response when the hindlimbs are 391 placed on a vibrating platform, indicating that the same neural networks are active but produce 392 different responses based on the combination of sources of afferent information. In addition, de-393 pending on the stimulating parameters used, epidural stimulation can generate a predominantly 394 tonic reaction that transforms to a rhythmic output when the treadmill is turned on or when the 395 stimulation strength is increased. These findings suggest that whether a tonic or rhythmic output 396 is generated depends on the source of afferent input and/or the level of activation of a given pop- 
